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We present the theoretical study and the simulation of the optical field propagation
in a guided wave tuneable optical filter using a composite material grating. A
numerical analysis of the optical propagation has been performed by using a 3D
semivectorial BPM (Beam Propagation Method) based software and the results
have been compared with a matrix-transfer approach based on the effective index
method. The dependency of the filter response on the index modulation depth (An),
the length and the thickness of the grating have been also analyzed. Performance
of chirped and apodized gratings were also studied. The optical filter reflection
and transmission spectral responses in terms of full width at half maximum
(FWHDM) have been calculated.

Keywords: composite materials; holographic Bragg gratings; integrated optical filter

INTRODUCTION

Optical tuneable filters are essential components in Fiber-To-
The-Home wavelength division multiplexing optical communication
systems and in optical sensor systems.

Various tuneable/active filters have been demonstrated, based on
acousto-optical [1], thermo-optical [2] or electro-optical [3] effect.
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However all these technologies have limitations, either in terms of
insertion loss, power consumption, scalability or integration.

In this article we will study a novel integrated tuneable filter using
a holographic Bragg grating, which introduces advantages in terms of
compactness, manufacturing requirements, high performance and low
power consumption with respect to the state of the art. The device
based on composite material gratings continues to stimulate an exten-
sive research activity to realize permanent and electrically switchable
diffraction gratings that can be used for optical communications,
optical data storage and processing.

STRUCTURE OF THE DEVICE

A picture of a fabricated prototype of the optical filter is shown in
Figure 1. The circular opaque area, with a diameter of 1cm, corre-
sponds to the grating whose period is about 2.5 pm. The device is made
of double ion-exchanged glass single mode optical channel waveguide
and a POLICRYPS (POlymer LIquid CRYstal Polymer Slices) [4]
grating as a cladding layer. We use a reliable and reproducible
K" —-Na"/Ag*"—Na™ double ion-exchanged process in BK7 glass to
obtain low losses (<1 dB/cm) and high index-contrast (An,g ~ 0.04)
optical waveguides [5]. The refractive index profile of the waveguide

FIGURE 1 Snapshot of the prototype of an IO filter using POLICRYPS.
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FIGURE 2 Sketch of the POLICRYPS grating structure.

depends on the process parameters, especially molar concentration of
KNO;3; and AgNOs;, and process duration. A typical POLICRYPS grat-
ing consists of polymer slices alternated with films of regularly aligned
nematic liquid crystal (NLC), which can be switched by applying an
adequate electric field with a proper electrodes configuration. The
polymer used in POLICRYPS grating is NOA 61, whose refractive
index at A= 1550nm is np = 1.5419, and the liquid crystal is E7,
whose ordinary and extraordinary refractive indices are respectively
n,=15 and n,=1.689 at 20°C [6,7]. The boundary conditions
imposed by the confining walls of the polymers in the POLICRYPS
ensures that the LC alignment is along the z-axis as sketched in
Figure 2, showing schematically the top view of the grating structure.
The pitch of the POLICRYPS grating depends on the holographic
interference angle used in the grating writing process and can typi-
cally be tuned between 0.2 and 11 pm.

Since in most of applications a single mode propagation is required to
avoid multipath dispersion of the light signals, the transversal dimen-
sions of the waveguided device are designed to allow propagation only
of the fundamental mode in the working optical band. The POLICRYPS
filter structure includes aluminum coplanar electrodes, for an in-plane
reorientation of the NLC molecules between the polymer slices, by
exploiting the electro-optic properties of the POLICRYPS grating [8].
The gap between the electrodes, where the waveguides are located, is
wide enough to avoid optical losses induced by influence of aluminum
on the light propagation in the optical channels.

PRINCIPLE OF WORKING

The electro-optical effect plays a fundamental role in the device oper-
ation. Therefore in the following it is explained how a control electric
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FIGURE 3 Top view of the device and sketch of the working principle. (a)
Without applied voltage and (b) with applied voltage.

field acts on the filter behaviour. Figure 3 shows the top view and the
working principle of the device. In the absence of external electric field,
the director of the LC molecules is aligned normally to the polymer/LC
interface as it is shown in Figure 3a. The desired tilt of the NLC mole-
cules and the corresponding required profile of the refractive index is
obtained by applying a suitable control voltage. Such LC reorientation
makes only guided light with TE-like polarization to “see” a refractive
index modulation of the overlaying hybrid cladding which acts as the
optic field perturbation element. In particular a TE-like optical field
propagating along (Oz) will see the ordinary index n, of the LC when
no external signal is applied. Applying an external electrical field (see
Figure 3b), the molecules rotate in the plane (xz) and the TE-like optical
field will see a higher refractive index n of the LC (between n, and n,).
The tuning capability of the filter depends on the possibility to change
the effective refractive index (n.z) of the guided mode by controlling the
mismatch between LC and polymer refractive indices (An = np-nyc). To
understand the operation of the device and how the spectral response is
correlated with the modal and geometrical properties of the filter in
terms of bandwidth and shape, it is useful to consider as the starting
point the situation of complete matching of LC and polymer refractive
indices corresponding to an absence of the grating. By changing the
voltage value a mismatch An is induced and the Bragg grating appears.
The index mismatch influences n.4 and so the Bragg wavelength /5 is
tuned according to the formula:

mip = 2ngg A (1)

where m is the diffraction order and A is the grating period.

The reflectivity (the transmissivity) increases (decreases) as An
increases for a fixed grating length, defined as the product between
the number of grating planes (M) and the pitch of the grating (A).
Similarly, as the length of the grating increases, so does the resultant
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reflectivity (for a fixed An). The full width at half-maximum (FWHM)
bandwidth of a uniform Bragg grating is strongly dependent on the
grating length, An and the order of the grating period. A general
expression for the approximate full width at half-maximum bandwidth
of a grating is given by:

An\? /1
AL = lBOC\/<2nav> + (W)

where M is the number of the grating periods and n,, is the average
refractive index of a uniform Bragg grating. The parameter « is about
1 for strong gratings (for grating with near 100% reflection) whereas
o ~ 0.5 for weak gratings [9]. Typically the grating period required for
first-order reflection at 1550 nm is approximately 0.5 um. In order to
obtain small bandwidths it is possible to work with Bragg gratings
that reflect light in the third or fifth order, which have a grating pitch
of approximately 1.5 and 2.5 um, respectively.

SIMULATION RESULTS

A matrix-transfer approach based on the effective index method has
been used to describe the behaviour of the grating in cases of almost

Vertical direction (pm)

5 4 3 2 A4 o 1 2 3 4 5
Horzontal direction (pum)

FIGURE 4 Refractive index gaussian-profile of the optical channel wave-
guide.
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periodic grating. In our case, the waveguide is weakly coupled to a uni-
form grating and we have observed that 3D numerical analysis based
on the coupled-mode theory shows a good agreement with effective
index method [10]. Therefore in the following we will use the software
GratingMOD based on the coupled-mode theory and provided by
RSoft. GratingMOD is an integrated software package capable of ana-
lyzing complex grating structures.

In the first set of simulations it has been assumed to have a uniform
change of the LC index of refraction over the grating length and a proper
pitch of the grating. We have considered a K" —Na* /Ag" —Na™*
gaussian shaped buried waveguide (with a mask opening width
of 6 um) diffused into a BK7 glass substrate having refractive index
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FIGURE 5 Optical filter reflection and transmission spectral response.
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TABLE 1 Device Performance for Different Grating Step-Index Modulations

(An) and Diffraction Orders

A=05um(m =1) An(npor, — nrc) FWHM (nm)
a 0.0419 9.08
b 0.01 4.43
c 0.001 0.69
d —0.0419 23.14
A=15 um(m = 3) An(npOL — nLc) FWHM (nm)
a 0.0419 3.18
b 0.01 1.72
c 0.001 0.41
d —0.0419 8.38
A=25um(m =5) An(npor — nrc) FWHM (nm)
a 0.0419 1.88
b 0.01 0.84
c 0.001 0.39
d —0.0419 4.89

distribution in the transversal plane xy given by [11]:

n(x,y) = Ngup + Ansub {eXP |:_

Yy >0=n(x,y) =1 (air)
Vil > 5 = n(.y) = s
Yy < —h = n(x,y) = nsw

+ dbur):| 2}

} " exp [_ b
haif haigy

(3)

where ng,;, and Ang,;, are the substrate and the waveguide gap refractive
indices respectively, w and 2 are the width and height of the channel
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FIGURE 7 Filter response dependence on the grating length.

waveguide, h g and Ay, are the transversal diffusion lengths and dy,,-
is the burying depth.

The values assumed in the simulation for a typically fabricated
waveguide by using double ion-exchange process are: w = h = 12 pm,
haifre = 2pm, hgip = 2.8 pm, dpy, = 0.25, Ang,, = 0.04. The transver-
sal refractive index profile of the optical channel waveguide used in
the simulations is sketched on Figure 4.

The optical filter reflection and transmission spectral response has
been calculated in order to demonstrate the strong dependence of
FWHM on the order of the grating period and the mismatch An.
Figure 5 shows calculated reflection and transmission spectra for a
fixed grating length (M = 4000) and a cell thickness of 2 um, by vary-
ing An from 0.0419 to — 0.0419 and selecting four particular values. In
particular three different grating periods, corresponding to the first,
third and fifth order are respectively carried out. In Table 1 the per-
formance of the device for different grating step-index modulations
(An) are reported. In particular Table 1 indicates that it is necessary
to operate with higher diffraction orders to work with small band-
widths. Furthermore the filter bandwidth decreases as the An
decreases according to an external applied voltage.

The influence of the grating thickness on the filter performance has
been evaluated in terms of loss. Figure 6 shows the schematic top view
of the device (6a) and the output power for two different cell thick-
nesses: 2 um (6b) and 4.5 um (6¢). It is evident how the losses increase
as the grating thickness increases because of a stronger perturbation.
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TABLE 2 Device Performance for an Apodized (a) and a Chirped (b) Grating

A =25um(m = 5) An(npor, — nic) FWHM (nm)
a 0.0419 1.43

b 0.01 0.8

c 0.001 0.38

d ~0.0419 4.42

A =25um(m = 5) An(npor, — nic) FWHM (nm)
a 0.0419 7.42

b 0.01 6.42

c 0.001 5.76

d ~0.0419 11.07

To show the filter response dependence on the grating length, we
have varied the number of the grating periods as well as the total
length. In Figure 7 it is possible to see how the reflectivity increases
as the length of the grating increases in the case of An = 0.0419
and for the fifth order of the grating period (m = 5). So far we have
analyzed the performance of the optical filters by considering a non-
chirped and non-apodized grating. This certainly introduces side lobes
in the spectral response, which are due to multiple reflections to and
from opposite ends of the grating region. There are two different tech-
niques to attenuate these side lobes: the grating apodization and
chirping. The first one consists of a function assisted An modulation
along the axis of optical propagation, while the second one provides
a variation of the grating pitch along the same direction. The obtained
results with these two different methods are shown in Figure 8a and
8b. Moreover it is possible to observe the apodization profile and the
period variation along the grating position in Figure 8c. The simula-
tions have been performed by using a grating pitch of 2.5 um. The
optical filter reflection responses have been calculated by varying An
from 0.0419 to —0.0419 and selecting the same four values used in
the previous simulations. In Table 2 the performance of the device
in terms of FWHM are reported.

CONCLUSIONS

We reported the performance analysis of a novel integrated tuneable
filter using a polymer and liquid crystal holographic grating on glass
waveguides. The most important device feature is the possibility to
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induce a grating refraction index modulation by exploiting the electro-
optical effect in the liquid crystal slices of the POLICRYPS. Using an
approach based on the coupled-mode theory we have computed the
optical filter reflection and transmission spectral response and charac-
terized the filter performance in terms of bandwidth for different dif-
fraction orders. It has been calculated a FWHM of about 0.4 nm by
operating to the fifth grating diffraction order with a An = 1073, It
has been shown that such filter can exhibit a broad tuning range with
a small mismatch between the polymer and the LC refractive index. In
particular it has been evaluated a tuning range of about 25nm by
changing the LC refractive index from n, to 1.5838. It means that such
filter is a good candidate as a high performance and low power
consumption device.
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